INTRODUCTION
During the last decade great improvements have been made in largescale cell-free translation as well as in producing correctly folded proteins in vitro (1) (2) (3) (4) . The application of cellfree systems allows the expression of toxic proteins and poorly expressible or insoluble proteins. Prokaryotic and eukaryotic in vitro protein synthesis systems are already widely used for rapid production and analysis of protein mutants, for incorporation of unnatural amino acids for structural studies, and for carrying out molecular selection and evolution in vitro (for review, see Reference 5) . For example, recent in vitro studies describe cell-free systems for parallel expression of up to 100 coding regions cloned under various phage RNA polymerase promoters (6, 7) . These strategies have mainly used PCR amplification; however, PCR requires some sequence information about target genes and often fails to amplify through GC-rich regions in long DNA fragments (8, 9) . So far, there have been no reports of direct prokaryotic genome expression for screening purposes. If successful, this would offer an additional screening tool for discovery of cytotoxic, poorly expressed, and unstable proteins.
In vitro protein synthesizing machinery has been successfully used with DNA templates carrying multiple ribosomal protein genes to study posttranscriptional feedback regulation in ribosomal protein synthesis (10, 11) , suggesting that prokaryotic genomic fragments carrying two or more open reading frames (ORFs) using their authentic translation initiation start sites can be successfully expressed in vitro. Here, we describe a high-throughput cell-free functional screen (CFFS) to identify a desired functional activity from a Pseudoalteromonas genomic DNA library, thus demonstrating that large genomic fragments can be expressed in vitro. We believe that this in vitro method can complement wellknown in vivo screening methods when proteins that are difficult to express have to be analyzed.
MATERIALS AND METHODS

Bacterial Strains and S30 Extracts
Unless otherwise stated, all reagents are from Sigma-Aldrich, Saint Quentin Fallavier, France.
Pseudoalteromonas sp. (P1734; genome size about 1500 kb) is a strain from the exclusive biodiversity collection of microorganisms that has been isolated from marine environments (Protéus, Nîmes, France). Strains are available through partnership with Protéus. The Escherichia coli strain MC1061 Rec A was used as a recipient host for amplification of the genomic library of Pseudoalteromonas sp. Bacterial S30 cell-free extracts were prepared from E. coli strain MC1061 DE3 carrying a plasmid encoding either T7 or T3 RNA polymerase in a procedure described by Zubay (12) .
Construction of a Pseudoalteromonas
Genomic DNA Library
A plasmid library was constructed by ligation of genomic DNA, partially digested by Sau3AI, into the BamHI site of pBSKSII+, which is flanked 5′ and 3′ by T7 and T3 promoters, respectively. The size of cloned inserts ranged from 3 to 4 kb. The plasmid library was amplified by transformation of E. coli MC1061 Rec A strain (56,000 clones). Isolated E. coli colonies were selected and a CCS Packard Automate liquid handling system (Perkin Elmer, Courtaboeuf, France) was used to inoculate wells of 96-well plates (Costar 3897, Corning-Costar Corp., Cambridge, MA, USA) containing 150 μl of LB.
DNA Amplification and Extraction for in vitro Tests and Library Screening
Cultures were grown overnight at 37°C with vigorous agitation in 96-well plates. Using a CCS Packard Automate, plates with cell cultures were centrifuged at 2000× g, 4°C, for 5 min. The pellet in each well was resuspended in 150 μL of lysis buffer (Hepes-KOH pH 7.6, 0.1 mM EDTA, 4% sucrose, 0.5% Triton X100, and 0.1 mg/mL lysozyme) and incubated at 95°C for 30 
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min and then at 4°C for 30 min. After centrifugation of plates at 2000× g for 10 min, 10 μL lysis supernatant was transferred to a fresh microtiter plate. These plates were either used directly for transcription-translation reactions or frozen at -20°C until processed for further screening steps.
Cell-free Transcription-Translation System
Coupled transcription-translation reactions were prepared according to Kim and Choi (13) with minor modifications. Transcription-translation reactions (30 μl) were set up in a 96-well format in a solution containing lysis supernatant (30% v/v), 55 mM Hepes-KOH (pH 7.6), 4 mM NTPs (ATP, CTP, GTP, and UTP), 0.6 mM cAMP, 34 μg/ mL folinic acid, 0.2 mM EDTA, 0.17 mg/ mL tRNA (Roche Diagnostics, Meylan, France), 3% PEG-8000, 24 mM Mg(OAc) 2 , 36 mM NH 4 Ac, 200 mM K glutamate, 0.25 mM all amino acids, 5 mM DTT (MP Biomedicals, Illkirch-Graffenstaden, France), 0.2 mM spermidine, 60 mM acetyl phosphate, and 20% S30 extract (300-500 A 260 ). Rifampicin (4 μg/mL) was added in the reaction to prevent use of E. coli promoters. Reactions were incubated at 30°C for 3 h, after which time components of the esterase test were added or SDS-PAGE analysis was performed.
The same reaction setup was used for transcription-translation of isolated DNAs. For in vitro transcription-translation reactions using [ 35 S]methionine, the 0.5 mM amino acid mixture was replaced by 0.25 mM amino acids without methionine, together with 0.2 μΜ [ 35 S]methionine (1175 Ci/mmol) (Perkin Elmer, Villebon sur Yvette, France).
Esterase Activity Test
C2-CLIPS-O [2-hydroxy-4-(p C2-CLIPS-O [2-hydroxy-4-(p C2-CLIPS-O [2-hydroxy-4-( -nitrophenoxy) butylacetate] substrate
was synthesized from 4-bromobutene as described for the corresponding fluorescent umbelliferone derivatives (14, 15) . The test mixture, containing 160 mM PIPES buffer at pH 7.0, 1.7 mM C2-CLIPS-O substrate, and the sample (representing 11% of the mixture volume), was incubated at 35°C for 2 h. Samples were cooled on ice, and 1 mg/mL BSA (BSA), 28 mM NaIO 4 , and 45 mM Na 2 CO 3 were added to the mixture. After 10 min of incubation at room temperature, samples were centrifuged at 16,000× g for 5 min, and the supernatants were used for OD measurements. The OD of the yellow p-nitrophenol product was recorded at λ 414nm using a Spectramax 190 microplate spectrophotometer (Molecular Devices, St. Grégoire, France). Activities expressed at OD 414 were compared with a negative control.
SDS-PAGE Gel Analysis
For gel analysis of translation products labeled with [ 35 S]methionine, aliquots from translation reactions were mixed with SDS-sample buffer, boiled for 2 min, and applied to a 10% SDS- 
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polyacrylamide gel. Gels were fixed in 10% methanol, 7.5% acetic acid, and exposed to Kodak Biomax MR film (VWR, Limonest, France) at -70°C.
RESULTS AND DISCUSSION
We have devised a cell-free functional screen based on in vitro expression of prokaryotic genomic libraries that enables us to search for desired enzyme activities. Figure 1A illustrates the four main steps of our CFFS screening strategy: (i) generation of a prokaryotic genomic library; (ii) bacterial amplification of DNA fragments; (iii) expression of these fragments in a cell-free transcriptiontranslation system; and (iv) identification of enzymatic activities using a functional test. As esterases are enzymes of high value for industrial and pharmaceutical production processes, we focused on identifying genomic fragments that encode proteins with an esterase activity.
First, we tested each step of our strategy using a recombinant plasmid (pBSKS-T3-est) encoding an esterase homologous to Acinetobacter lwoffii 16C-1 esterase (16) isolated from the Pseudoalteromonas library by a hybridization colony blot approach.
E. coli colonies transformed with pBSKS-T3-est were used to inoculate a 96-well culture plate. After amplification, cells were disrupted and cell debris precipitated. Lysis supernatants were used for transcription-translation. To maximize the efficiency of the cellfree transcription-translation reactions using lysis supernatant as a source of recombinant DNA, several parameters had to be optimized, including S30 extract, which is the most expensive and time-consuming component of this assay (the lowest concentration suitable to generate a strong signal and, thus, a large signal window, was chosen; see Supplementary Figure S1A available online at www.BioTechniques.com). Using optimized conditions we demonstrated successful detection of esterase activity in the well corresponding to pBSKS-T3-est but not in the remaining wells (Supplementary Figure S1B) .
Next, a Pseudoalteromonas DNA library was screened for esterase activity using the CFFS system developed as described above. A total of 5000 clones were grown in duplicate using 100 microtiter plates and an automated compound delivery robot (CCS Packard Automate). After overnight incubation, MC1061 Rec A transformants harboring recombinant plasmids were lysed and cell debris was precipitated. Agarose gel analysis of lysis supernatants from 13 randomly chosen wells from one 96-well plate is shown in Figure 1B (top panel). PCR amplification of these lysis supernatants using T3 and T7 primers indicates the range of insert sizes ( Figure 1B , bottom panel).
Lysis supernatants that had been clarified by centrifugation were directly added to coupled cell-free transcriptiontranslation reactions in matching wells of two fresh 96-well plates. Each clone of the library was treated in duplicate and expressed in the cell-free system with either T7-or T3-RNApolymerase-containing S30 extract. Following CFFS and testing for esterase activity using a fluorogenic assay, 10 possible hits [relative ΔOD 414nm units >0.05] were identified (representative results obtained with two microtiter plates, MP06 and MP29, are presented in Figure 1C ) and retested in duplicate to ensure that the initial clones were all found in either the first or the last row of the plate (mainly A1 or H1 coordinates) and represented false positives, due to edge effects (all are located on the periphery of the microtiter plate). Quantification of functional esterase activity resulting from the esterase-positive clones MP06F11 and MP29B5, retested in a cell-free transcription-translation system initiated with 30% or 40% lysis supernatant, are summarized in Figure  1D together with the results obtained from a plasmid encoding the green fluorescent protein (GFP) as a negative control. The functional esterase activities, together with the expected size of synthesized products (45 kDa) led us to conclude that we have successfully identified two esterase-positive clones from the Pseudoalteromonas DNA library. The two positive clones, MP29B5 and MP06F11, were sequenced and both found to encode an esterase homologous to Acinetobacter lwoffii 16C-1 esterase.
In general, prokaryotic operons are long and contain several ORFs preceded (or not) by Shine-Dalgarno regions, and some ORFs even overlap (17, 18) . Success of CFFS depends on the ability of the cell-free transcription-translation system to express long genomic fragments encoding multiple successive ORFs. When we used sequences from our esterase-positive clones to probe our Pseudoalteromonas DNA library by a hybridization colony blot approach, we isolated a 7.2 kb fragment. This fragment, which we called gfr1, contains four long ORFs flanked by 5′-and 3′-untranslated regions (UTRs) of 546 and 745 nucleotides in length, respectively (Figure 2A ). The first ORF encodes a 259-amino acid protein homologous to a transcriptional regulator (TrR); the second encodes glutamate synthase (GluS), a protein 261 amino acids long; the third a 365-amino-acid esterase (Est); and the last ORF encodes rotamase (Rot), a 181-amino-acid protein.
Analysis of potential Shine-Dalgarno regions in front of each ORF reveals short purine-containing sequences located 15 nt upstream of each start site ( Figure 2B ). Our two positive clones, MP29B5 and MP06F11, were found to correspond to the 3′ end of gfr1 (these clones were denoted gfr2 and gfr3, respectively; Figure 2A) .
We analyzed the accessibility of the start site of the esterase ORF within the very long genomic fragment in gfr1, as well as in gfr2 and gfr3, in our in vitro transcription-translation system. The ORFs of grf1, gfr2, and gfr3 were expressed in cell-free transcriptiontranslation reactions in the presence of l-[ 35 S]methionine. The results demonstrated that all ORFs on each construct are expressed with relatively similar efficiencies (peptides encoded by the TrR, GluS, Est, and Rot ORFs contain 8, 5, 4, and 9 Met residues, respectively), with the level of expression of esterase being somewhat higher (the band labeled ΔEst1 apparently represents incomplete esterase proteins; Figure 2C ). The rotamase coding region contains two internal AUGs 109 and 127 nucleotides downstream of the rotamase start site. These two additional start sites may explain the presence of the shorter polypeptide bands on the protein gel ( Figure 2C ). Expression of esterase from the long genomic fragment, gfr1, where the esterase ORF is located 4676 nt downstream of the 5′ end, and is preceded by two other ORFs, indicates the ability of ribosomes to initiate internally on this long genomic fragment. In gfr2 and gfr3, the esterase gene is located 709 or 51 nucleotides downstream of the T7 promoter, respectively; no significant effect of the longer 5′-UTR on esterase production in vitro was detected ( Figure  2C, cf. lanes 2 and 3) . Duplicate transcription-translation reaction mixtures (without l-[ 35 S]methionine) were used for analysis of esterase activities of the synthesized polypeptides ( Figure 2D ). The functional yield of in vitro-expressed esterases from gfr2 and gfr3 was found to be similarly high, again showing that the level of protein expression was not significantly affected by the distance between the first ORF and the transcription start site. The level of esterase activity resulting from transcription-translation of gfr1 (4674 nt downstream of the 5′ end and preceded by two other ORFs) was about Connecting. Informing. Advancing.
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Short Technical Reports 15% of that attributable to expression of gfr3 (51 nt 5′-UTR), thus confirming that the esterase start site within the long genomic fragment was well recognized in vitro. The CFFS methodology allowed us to screen a library of >0.5 × 10 4 different variants in less than a day. The throughput of the method could be significantly increased by combining the robotic system with automated compound delivery and a 384-well plate format. This technology is highly compatible with use of a plasmid miniprep 96-well kit to purify genomic fragments. The replacement of lysis supernatant by plasmid preparations would allow a significant increase of DNA concentration in the transcription-translation reaction, which should increase the level of protein production by up to 10-fold. To decrease the number of screening reactions, we tested the possibility of expressing a pool of genomic fragments in vitro in a single reaction and showed that the cell-free system charged with up to 10 genomic fragments (obtained from 10 pooled colonies) was able to express functionally active polypeptides (data not shown).
In vitro functional screening methods such as ribosomal display (for a comprehensive review of this and other in vitro methods see Reference 19) , have been already proposed, but these require modification of the synthesized protein in order to physically attach it to its gene. We propose direct expression of genome fragments containing two or more ORFs with their authentic translation initiation sites and regulatory untranslated regions in cell-free expression systems for screening purposes. CFFS has the following additional advantages: (i) the microplate compartmentalization method links a specific genotype with its corresponding phenotype without any modification of the protein synthesized (20) and allows for immediate in situ functional testing of enzymatic activity in vitro and (ii) cell-free expression of a genomic library should allow toxic, unstable, and aggregation-prone proteins to be synthesized. But, of course, an appropriate and sensitive functional test applicable to in vitro synthesized proteins is required.
In summary, the CFFS method developed here will be a valuable tool to complement cell-based discovery techniques toward the goal of screening the potentially vast pool of enzymes available in nature to carry out reactions on a wide range of natural and synthetic substances.
